Abstract -An improved outdoor camera calibration method based on Extended Kalman Filter (EKF) is proposed in this paper. GPS coordinate system is introduced to establish world coordinate system in the calibration procedure. According to the characteristics of GPS coordinate converted to plane coordinate and the camera calibration model, we establish the mapping relations of reference points between image plane coordinate and the world coordinate. Further, we consider the world coordinate error, set the world coordinates as the measure quantities, use the method of EKF to get the optimal estimation of intrinsic and extrinsic camera parameters, in EKF the camera's intrinsic and extrinsic parameters are set as state variables, the transformation equations of image coordinate to the world coordinate are set as the measurement equations, and we let the observed feature points' image coordinates and corresponding world coordinates as the input of the filter. Experimental results confirmed that the proposed method with high precision.
Introduction
In multi-camera video surveillance system, unified world coordinate system is required to be adopted to obtain accurate target location information in outdoor environments. Therefore, GPS can be introduced in camera calibration to establish unified world coordinate system. In paper [1] Liao and Chu set GPS coordinates as world coordinates in camera calibration with Tsai's method [2] . Besides, they realized target tracking in image plane by continuously obtained GPS coordinates. Shi and Hu [3] further studied the problem of camera calibration with GPS coordinate system. Taking the impact of GPS receiving accuracy and target detection accuracy into consideration, they used the estimated camera parameters to project the target coordinates to the image plane again, and constructed the cost function by the sum of the differences of object's image coordinates and projected image coordinates, and then obtained optimized camera calibration parameters through GA-PSO hybrid optimization, thus improve the accuracy of the calibration. However, the final achievable calibration accuracy was limited because the overall optimization cannot be carried out in the optimization process. Therefore, in order to further improve the accuracy of camera calibration, it is necessary to find a more effective overall camera parameters estimation method to further reduce the error in the world coordinates.
Camera calibration using Kalman Filter has been paid much attention in recent years. Here, camera calibration is converted to the problem of parameter estimation. Once the relationship between observations and camera parameters is made, we could establish the state equation and the measurement equation, use the estimated value of previous time and the observe value of current time to update the state variables and thus obtain more accurate estimation of the state variables, iteratively obtain the calibration parameters. In order to solve the nonlinear of the measurement equation, Extended Kalman filter (EKF) can be used to linearizing the nonlinear equations. Many researchers have studied camera calibration using EKF. Ref. [4] and [5] treated feature points on plane calibration panel as uniformly moving points, estimate the intrinsic and extrinsic camera parameters through EKF. In [6] , EKF camera calibration was used in robot vision system, the obtained camera parameters were used to estimate the exact position relationship between the specific coordinate systems.
Based on the above analysis, we propose an improved outdoor camera calibration method based on EKF. First, we transform the GPS coordinates into plane coordinates and set as absolute world coordinate, using Tsai's two-step method to get initial value of intrinsic and extrinsic camera parameters, then establish the measurement equation of EKF according to the nonlinear mapping relationship between reference point's image coordinates and the world coordinate. considering the actual measurement, there exist errors of reference points' world coordinates and image coordinates, so set them as observables, while the camera's intrinsic and extrinsic parameters are set as EKF's state variables. With the reference point's image coordinates and world coordinates as the filter input, through EKF we can finally get the optimal estimation of intrinsic and extrinsic camera parameters.
The rest of the paper is organized as follows, section 2 briefly describes the adopted camera model and the transform relationship of the coordinates, section 3 details the description of the specific algorithm of camera calibration using the EKF, section 4 gives the experimental results and the analysis. The final summary is given in section 5. 3) Real image coordinate transformed to the pixels image coordinate:
x y dd is the distance between two adjacent pixels in x-and y-direction, x s is the nondeterministic scale factor which is caused by camera horizontal scanning and sampling timing error, cx N is the CCD sensor elements in the x-direction, fx N is the total number of true capture pixels in x direction, ( 00 , uv ) is the main point coordinate, ( , dd uv ) is the coordinate in pixels.
B. Recovery the plane 2-D world coordinate from the image point coordinate
It is pointed out in Tsai's two-step method [2] , when the calibration object is 2D plane, we can get the world coordinate by backprojection of the image point coordinate, and finally by comparing the real world coordinates with the calculated world coordinates for the error analysis. The process to get the point's world coordinate from the image coordinate is described in the following.
According to the camera calibration model of this paper, when the world coordinate is plane coordinate ( 0 w z  ), from the conversion formula (1) of the world coordinates to the camera coordinates and the conversion formula (2) of the camera coordinates to the image coordinates, we can get the formula (5), from the formula (5) we can further derive the nonlinear transformation equation (6) of the image coordinates to the world coordinates. So when we know the intrinsic and extrinsic camera parameters, we can get the world coordinates' other two components x w and y w by the image point coordinates according to the nonlinear equation (6) . The formulas are as follows: --- 
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A. General process of the proposed camera calibration
General calibration flowchart is shown in Fig.2 , when a moving target that carries GPS receiver enters the camera view, record the moving target's image point coordinate and GPS coordinate simultaneously. When at least 5 moving target's image point coordinates and corresponding GPS coordinates are obtained, we can get the initial value of the intrinsic and extrinsic camera parameters R, T, f, k1 by Tsai's two-step method. We should note that the measured GPS coordinate is expressed in the format of DMS(degrees-minutes-seconds) in WGS-84 coordinate system, as Beijing-54 plane coordinate is commonly used in china, we still need to transfer the coordinate from WGS-84 coordinate system into Beijing-54 plane coordinate, and set Beijing-54 plane coordinate as the world coordinate. In addition, in Tsai's two-step method the principle point coordinate is always set to be half the size of the image resolution, but the principle point coordinate is often deviate from the center of the image. So the principal point coordinate (u0,v0) is should also be optimized. Finally, we simultaneously take u0, v0, R, T, f, k1 as state variables to be optimized, and get these camera parameters' optimal estimation by EKF. A is the state transition matrix from time k-1 to k. As long as the camera position does not change, the camera coordinate system relative to GPS's absolute world coordinate system will not change. Therefore, the camera state parameters will not change at different times, so the state transition matrix k A I  is a unit matrix of order 11. Here the rotation matrix R with a unit quaternion representation. 0   2  2  2  2  2  3  0  1  2  3  1 2  0 3  1 3  0 2  2  2  2  2  4  5  6  1 2  0 3  1  2  3  2 3  0 1   2  2  2  2  7  8  9  1 3  0 2  2 3  0 1  0  1  2  3   1 2(
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C. Camera calibration measurement model
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D. Extended Kalman filter algorithm
Since the measurement equation formulas () and () which are obtained by camera calibration model are nonlinear equations, so this paper's calibration method is applicable to Extended Kalman filter. For a detailed description of the Extended Kalman filter we can refer to [7] , this paper's Extended Kalman filter algorithm flowchart is shown in Figure  3 . 
1) Time update equations are:
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2) Measurement update equations are:
( ) 
variables. The optimal estimation of intrinsic and extrinsic camera parameters is the state variable k x which is finally got by iterative.
From the principle of EKF, we know that the EKF's update on the state variables is a dynamic process. We use the measured world coordinates and image coordinates to constantly update on the estimation of state variables which are intrinsic and extrinsic camera parameters. 
Simulation Results
Camera parameters' estimation accuracy is influenced by GPS receiver's receiving accuracy and the measurement location's skyview situation. GPS receiver used in this experiment is UniStrongMG750, which is a differential GPS receiver has positioning accuracy with 1-3m, Camera is Sony DSC-T99 Digital Camera. We select two sites in campus (site A and B), both sites have a wide field of view and experiments carried out under good weather conditions. Figure 4 shows that in site A the measured image coordinate of a point and its corresponding transformed GPS coordinate, in the picture the transformed GPS coordinate is denoted by beijing-54 plane coordinate, GPS coordinate conversion tool is Coord.exe. The image size of the captured image sequence is 640 * 480. Fig. 4 The image coordinate and corresponding GPS coordinate in site A Trials in two sites we fix the camera's position respectively, in each site we collect 15 points, these 15 points corresponding to world coordinates and image point coordinates are used for the proposed camera calibration method, to get the camera's intrinsic and extrinsic parameters. According to Tsai's camera calibration's error analysis method [2] when calibration object is planar and the linear camera calibration method's error analysis method [8] . In this paper, the error of the world coordinate is used to verify the accuracy of the obtained camera parameters. The experimental results obtained from two sites are shown in Table 1 and Table 2 In this paper we calculate the standard deviation of the world coordinates error for all points in site A and site B. And we compare the results with Tsai's two-step method which is used in [2] and the results get by GA-PSO hybrid optimization algorithm which is used in Shi' camera calibration method [3] . Table 3 shows the result of the comparison, the proposed refers to the calibration error results which are calculated by this paper's camera calibration parameters. Calculation results keep two decimal places, units are meters. Table 1 and Table 2 list the error of world coordinates of site A and site B respectively, this paper's calibration method can be seen with relatively good accuracy, the camera calibration parameters obtained can accurately restore the world coordinates. It can be seen in Table 3 the comparison of the proposed method with other two methods, the world coordinates recovered by proposed method have smaller errors, and camera calibration accuracy has a greater degree of improvement compared with other two methods. To test the impact of GPS receiver's receiving accuracy on the camera calibration accuracy, this paper use another differential GPS receiver UniStrongMG838(positioning accuracy is about 1 meter) conduct camera calibration by this paper's calibration method, and compare the standard deviation of the world coordinates error with UniStrongMG750(positioning accuracy is 1-3 meter) which is used above, Table 4 shows the comparison results of two GPS receiver, from the comparison results we can see UniStrongMG838 have smaller errors， proved that improve the GPS receiver's receiving accuracy can improve the camera calibration's accuracy.
Summary
In this paper we proposed a new outdoor camera calibration algorithm based on EKF. To meet the requirement for outdoor application, we also start from Tsai's two-step algorithm combining GPS to establish world coordinate system. Detailed procedure to establish measurement equation and state equation are described, which are based on the projection relation from image plane and world coordinate system. Both intrinsic and extrinsic camera parameters are estimated iteratively by EKF optimally. Experimental results show that the camera parameters obtained by the proposed algorithm possess relative high precision, and prove the effectiveness of the proposed method.
